Localization of c-Ras and caveolin in cholesterol-depleted cells. Cos7 cells were treated with methyl-␤-cyclodextrin (m␤CD; 5 mM) for 1 hr prior to fixation and then processed for immunofluorescence confocal microscopy as in Figure 1 . While caveolin membrane staining (green) is lost, K-Ras and N-Ras (red) remain localized to discrete plasma membrane regions. Scale bar, 10 m.
BHK cells is largely (though not entirely) excluded from caveolin-containing membrane fractions. At present, we have no explanation for this discrepancy.
Caveolin is a cholesterol binding protein. Extraction of plasma membrane cholesterol with methyl-␤-cyclodextrin (m␤CD) delocalizes caveolin and signaling molecules from caveloae. We examined how the membrane localization of caveolin and the different Ras isoforms is affected by cholesterol depletion. As expected, m␤CD treatment of Cos cells leads to loss of caveolin staining at the plasma membrane ( Figure 2 ). K-Ras-positive membrane domains remain clearly detectable after m␤CD treatment, but the majority of these domains (60%-90%, depending on the Subcellular localization of endogenous c-Ras, c-K-Ras, and c-N-Ras cell examined) are negative for caveolin ( Figure 2 ). Simiin Cos cells. Serum-starved cells were grown on glass coverslips, larly, the localization of N-Ras to discrete membrane dofixed, and processed for indirect immunofluorescence by confocal mains remains clearly detectable after m␤CD treatment, microscopy using antibodies against caveolin and total Ras (panbut these domains now lack caveolin ( Figure 2 ).
Ras), caveolin and K-ras, and caveolin and N-Ras, as indicated. In the merged pictures (right panels), caveolin is stained green, and Ras staining is red. K-Ras is seen to localize largely to caveolin-positive
Having shown that K-Ras (largely) and N-Ras (partially)
domains, whereas N-Ras localizes to both caveolin-positive and caveolincolocalize with caveolin in a cholesterol-dependent man- munoprecipitation. As shown in Figure 3a , caveolin is readily detected in immunoprecipitates using either K-Ras-or N-Ras-specific antibodies. Conversely, K-Ras The activation state of K-Ras, N-Ras, and total Ras (pan-Ras) was determined by using the GST-Raf-RBD pull-down assay followed by anti-Ras immunoblotting. K-Ras activation by EGF is only observed after pretreatment (1 hr) with m␤CD (right lanes). Treatment with m␤CD alone stimulates basal Ras activity while leaving total extractable Ras levels unaltered ("lysate"). (c) Cells were pretreated and stimulated as in (b) and lysed in a buffer containing 0.1% Triton X-100. Lysates were separated in Triton-soluble and -insoluble fractions by high-speed centrifugation, and the pellets were resuspended in Ras assay buffer. Cytoskeletal elements were cleared by a brief spin, and Ras activation was assayed in the Triton-soluble and -insoluble fractions. soluble fraction. After cholesterol extraction, and N-Ras in the Triton-insoluble fraction. The In control cells, EGF activates N-Ras but not EGF still activates N-Ras in the soluble extractability of total Ras (lysate) is not K-Ras, and activation occurs only in the fraction but now can also activate both K-Ras markedly affected by cholesterol depletion.
is detected in caveolin immune complexes. After m␤CD activation state of K-Ras and N-Ras in both Triton-soluble and Triton-insoluble membrane fractions. In cells treated treatment, the Ras-caveolin complexes are disrupted (Figure 3a) . From these results, we conclude that cholesterol with EGF, K-Ras is not activated in either membrane fraction, whereas N-Ras is found activated in the Tritonis essential for the association of caveolin with both K-Ras and N-Ras. soluble but not in the Triton-insoluble fraction ( Figure  3c ). After treatment of the cells with m␤CD, both K-Ras and N-Ras are activated in the Triton-insolube fraction, EGF is a strong activator of c-Ras in Cos cells, but nothing is known about isoform specificity. Active Ras-GTP was while N-Ras activation in the soluble fraction remains unaffected (Figure 3c ). From the immunolocalization and pulled down from cell lysates followed by blotting with isoform-specific antibodies. As shown in Figure 3b , EGF biochemical experiments, we conclude that c-K-Ras resides largely and c-N-Ras partially in caveolin-containing activates N-Ras but fails to activate K-Ras. Endogenous H-Ras was also activated by EGF, but its detection was plasma membrane domains that are detergent resistant. Caveolar K-Ras is inaccessible to activation by EGF, at difficult and required long exposure times (data not shown); therefore, H-Ras activation was not studied furleast in Cos epithelial cells, but activation does occur after cholesterol extraction and consequent disruption of Rasther. We next investigated the effect of cholesterol depletion on Ras activation. Treatment with m␤CD alone recaveolin complexes. Our results support the view that segregation of c-Ras isoforms into distinct microdomains sulted in elevated basal levels of both K-Ras-GTP and total c-Ras-GTP (Figure 3b) . Strikingly, while EGF fails dictates GTP loading and that c-Ras located in caveolae is kept inactive by cholesterol-bound caveolin. Recent to activate K-Ras in control cells, m␤CD treatment enables K-Ras to be fully activated by EGF; in contrast, evidence indicates that GTP-␥-S loading of H-Ras promotes its exit from caveolae toward "bulk" plasma memm␤CD treatment has little effect on EGF-induced activation of N-Ras (Figure 3b) , although a modest potentiation brane; the mechanism is unknown but seemingly independent of Ras effectors [16] . was observed in some experiments.
Since caveolar membrane compartments are insoluble in Is enhanced Ras activation in cholesterol-depleted cells unique for EGF stimulation? We also tested lysophosphabuffers containing 0.1% Triton X-100, we examined the should examine to what extent cholesterol-bound caveoample, see [21] ). Surprisingly, however, EGF-induced aclin may act as a GDP dissociation inhibitor of c-Ras isotivation of MEK and ERK1/2 is almost completely inhibforms and, furthermore, identify the cholesterol-depenited after cholesterol depletion, despite enhanced Ras dent signaling event(s) that lie(s) downstream of the activity (Figure 4a [11] . That membrane cholesterol is not required for TPA- transmembrane receptors may occur in distinct microdomains or else that PKC bypasses active Ras to activate Raf.
Ras activation assay
An alternative possibility is that, in cholesterol-depleted Cells were washed in ice-cold PBS and lysed (20 mM HEPES [pH 7.4], 1% NP40, 150 mM NaCl, 5 mM MgCl 2 , 10% glycerol). Lysates were cells, the receptor-regulated Ras/Raf complex (unlike the
